Using a new in vitro procedure of the isolated perfused rat pancreas with vagal innervation, electrical vagal stimulation produced an increase in both insulin and glucagon secretion in proportion to the pulse frequency, but an inhibition in somatostatin release. When atropine was infused, both insulin and glucagon responses to vagal stimulation were partially suppressed, whereas somatostatin release was enhanced. In the presence of hexamethonium, vagal stimulation failed to affect insulin, glucagon, or somatostatin secretion. Propranolol partially blocked both insulin and glucagon responses but did not influence somatostatin response. Phentolamine had no significant effect on release of hormones. Simultaneous administration of propranolol and phentolamine tended to inhibit both insulin and glucagon responses to vagal stimulation. These findings suggest that not only a cholinergic but also a noncholinergic neuron may be involved in vagal regulation of pancreatic hormone secretion and that these neurons may be under the control of preganglionic vagal fibers via nicotinic receptors. 
Introduction
It is known that the pancreatic islets are well innervated with the autonomic nervous system in various species (1, 2) . Recent studies have demonstrated that electrical stimulation ofthe vagus nerve elicits insulin and/or glucagon release (3) (4) (5) . It has been shown also in in vivo studies that electrical vagal stimulation causes an increase in the blood glucose level (6, 7) and enhances the release of gastrin (8) and vasoactive intestinal polypeptide (VIP)' (9) . These extrapancreatic factors are known to influence pancreatic endocrine functions and make it difficult to evaluate the direct vagal effect on the pancreas although previous studies elaborated procedures to obviate indirect effect as much as possible (10) (11) (12) . On the other hand, the role of the vagus nerve in regulating somatostatin secretion from the pancreas has not been well studied. To our knowledge, there has been only a report (13) demonstrating an inhibition by vagal stimulation of somatostatin secretion from the isolated perfused pig pancreas prepared with an intact vagal supply. We have developed a new in vitro method in which the rat pancreas was isolated with intact vagus nerve fibers and perfused. Using this procedure, we have investigated the effects of vagal stimulation on insulin, glucagon, and somatostatin secretion. Furthermore, since vagus nerves is shown to contain not only cholinergic fibers but also adrenergic fibers (14, 15) , we have studied the effects of cholinergic and adrenergic blockers on insulin, glucagon, and somatostatin responses to vagal stimulation.
Methods
Male Wistar rats weighing 230-280 g were housed at least 1 wk before the experiment in a temperature and light conditioned room and fasted overnight before the experiment. Anesthesia was induced by intraperitoneal administration of 6 mg/ 100 g body wt sodium pentobarbital. The pancreas was isolated as previously described (16), with some modifications. Briefly, laparotomy was performed and the omentum connecting the pancreas to the transverse colon was severed. The superior and inferior mesenteric arteries and veins were ligated and cut. The intestine below the duodenum was then removed from the rat. The splenic arteries near the splenic hilus, the right and left gastric arteries, and the gastric branches of the gastroepiploic artery were ligated individually. The abdominal aorta was carefully separated from the connective tissue and an arterial cannula was inserted into the celiac artery while paying attention not to damage the celiac plexus. The portal vein was then cannulated. In almost all rats, the pancreatic duct was cannulated nearly proximal to the duodenal papilla and ligated at the level of the hepatic hilus. The pancreatic juice was collected into capillary tubes every 5 min and frozen. The completeness ofthe electrical vagal stimulation was confirmed by checking the increase in pancreatic fluid flow. The vagus nerves were isolated and cut beneath the diaphragm. Then, the vagus nerve fibers, pancreas, spleen, stomach, duodenum, liver, and a lower part of the esophagus were removed in one block from the rat and placed into a temperature and humidity conditioned perfusion chamber. A bipolar platinum electrode was placed on the peripheral ends of the subdiaphragmatic vagal trunks and the nerves were stimulated by 1 ms, 10 V square-wave impulses at frequencies from 2 to 10 Hz. A dye distribution study in several perfusion preparations showed that only the pancreas and duodenum were perfused and that other organs attached to the pancreas were excluded from the perfusion (Fig. 1) . Although some branches ofthe vagus nerves coursing over the unperfused stomach were not bathed with oxygenated buffer, celiac branches entering the perfused pancreas immediately after they are derived from the subdiaphragmatic vagal trunk were bathed with buffer. In some experiments, 5 min vagal stimulations were repeated every 30 min over a 180-min period and almost identical increases in pancreatic fluid flow were found after each vagal stimulation, suggesting that the vagus nerves survive this procedure for a period sufficient to the experiment.
All perfusions were accomplished with Krebs-Ringer bicarbonate buffer containing 0.25% bovine serum albumin and 4.6% dextran (mean mol wt 70,000). The medium was gassed with 95% 02 and 5% CO2 and maintained at pH 7.4 at 37°C. The perfusion rate was kept constant at 1.9 ml/min throughout the experiment. Each 1-min effluent from the portal vein was collected in chilled tubes containing 1,000 U ofTrasylol, frozen immediately, and stored at -20°C until assayed. Experiment II. Infusion ofthe perfusate containing 5.5 mM glucose was continued during the whole experiment. As in the experiment I, the first electrical stimulation of the vagus nerves was applied at 10 Hz (10 V, 1 ms pulse) and the second one after an interval of 15 min. In order to investigate the effect of a muscarinic cholinergic, a ganglionic, an adrenergic, or an opiate receptor antagonist on vagally induced hormone release, a final concentration of lo-' or lO-' M atropine sulfate, lo-' M hexamethonium bromide, 10-6 M DL-propranolol hydrochloride, 10-6 M phentolamine mesylate (all from Nakarai Chemicals, Kyoto, Japan), 10-6 M propranolol plus 10-6 M phentolamine, or 10-6 M naloxone hydrochloride (Sankyo Co., Ltd., Tokyo, Japan) was infused over a period of 13 min starting 6 min before the beginning of the second vagal stimulation.
Radioimmunoassay. Insulin was measured by the polyethylene glycol method (17) and glucagon was determined by the talcum adsorption radioimmunoassay of Sakurai et al. (18) , using an antiserum OAL 123 (Otsuka Assay Laboratory, Tokushima, Japan) specific for pancreatic glucagon (19) . Immunoreactive somatostatin was measured by a specific radioimmunoassay (16), with a modification of the method described by Arimura et al. (20) , using an antiserum T-316. This antiserum did not cross-react with insulin, glucagon, gastrin, motilin, VIP, secretin, and substance P.
Statistical analysis
Statistical analyses were performed by two-way analysis of variance, followed by Duncan's multiple range test (21) ifnull hypotheses were rejected by the former.
Results
Effects of electrical stimulation of the vagus nerves on insulin, glucagon, and somatostatin secretion. As shown in Fig. 2 , the first electrical stimulation (10 Hz, 1 ms pulse, 10 V) of the peripheral ends of the subdiaphragmatic vagal trunks elicited an abrupt increase in insulin from the basal level of 0.28±0.05 ng/ ml (mean±SE) to a peak level of 2.43±0.51 ng/ml (P < 0.01). Glucagon secretion was also significantly stimulated by the first vagal stimulation, rising from the basal value of 57.7±6.7 pg/ ml to a peak value of 169.1±29.8 pg/ml (P < 0.01). Both the insulin and glucagon responses to the second vagal stimulation tended to be more intense than the first ones, although the difference was not statistically significant (Fig. 2) . Furthermore, the peak values of insulin and glucagon in response to both the first and second vagal stimulations were dependent upon the frequency of the stimuli, the maximum response being obtained at 10 Hz so far as we studied. On the other hand, somatostatin secretion was significantly decreased by vagal stimulation (10 Hz, 1 mis, 10 V), from 40.1±4.8 pg/ml to 25.1±2.4 pg/ml (P < 0.05).
Effects of atropine on insulin, glucagon, and somatostatin responses to vagal stimulation. The infusion of 10-5 or 1O-7 M atropine did not influence basal levels of insulin, glucagon, or somatostatin (Fig. 3) . Electrical vagal stimulation during the infusion of IO-' M atropine elicited significant but lesser increases in insulin and glucagon from mean basal values of 0.19±0.02 ng/ml and 26.9±3.2 pg/ml to peak values of 0.49±0.1 ng/ml and 64.6±9.7 pg/ml, respectively. The peak values of insulin and glucagon were significantly lower than those achieved in the absence of atropine, which were 1.53±0.22 ng/ml and 128.4±16.6 pg/ml, respectively (P < 0.05, P < 0.05) (Fig. 3, a  and b) . In contrast, somatostatin secretion in response to vagal stimulation, which was suppressed without atropine was reversed in the presence of 10-5 M atropine: the mean basal value of 27.4±4.5 pg/ml rose to a peak value of 105.3±49.3 pg/ml in response to stimulation (P < 0.05) (Fig. 3 c) . There were no significant differences in the responses of insulin, glucagon, and somatostatin to vagal stimulation between l0-0 and 10-5 M atropine (Fig. 3) .
Effects ofhexamethonium on insulin, glucagon, and somatostatin responses to vagal stimulation. As shown in Fig. 4 Effects ofpropranolol on insulin, glucagon, and somatostatin responses to vagal stimulation. Basal secretions of insulin, glucagon, and somatostatin were not affected by the infusion of 10-6 M propranolol (Fig. 5) . The peak levels of insulin and glucagon in response to vagal stimulation were 0.59±0.12 ng/ml and 104.3±38.3 pg/ml, respectively, being significantly lower than the corresponding peak values of insulin and glucagon in the absence of propranolol, 1.65±0.41 ng/ml and 214.4±42.9 pg/ml, respectively (P < 0.05, P < 0.05) (Fig. 5, a and b) . On the other hand, propranolol at a concentration of 10-6 M did not affect the inhibitory effect of vagal stimulation on somatostatin secretion (Fig. 5 c) .
Effects ofphentolamine on insulin, glucagon, and somatostatin responses to vagal stimulation. The infusion of 10-6 M phentolamine did not influence basal insulin, glucagon, and somatostatin secretion (Fig. 6) . The insulin and glucagon responses to vagal stimulation were not affected by phentolamine (Fig. 6,  a and b) . The somatostatin inhibition by vagal stimulation was also not affected by phentolamine (Fig. 6 c) .
Combined effects ofpropranolol andphentolamine on insulin, glucagon, and somatostatin responses to vagal stimulation. The simultaneous administration of 10-6 M propranolol and 10-6 M phentolamine tended to inhibit both insulin and glucagon responses to vagal stimulation although somatostatin response was not affected significantly by this treatment (Fig. 7) .
Discussion
We have established a new in vitro procedure which enables us to study the direct effect of electrical vagal stimulation on pancreatic endocrine function. Using this rat pancreas perfusion technique, we have demonstrated that electrical stimulation of the vagus nerves elicits the release of both insulin and glucagon in proportion to the pulse frequency. Uvnas-Wallensten et al. (22) have shown a constant relationship between the amount of insulin released and the number of electrical impulses applied to the vagus in anesthetized cats. Holst et al. (23) Under such condition, the electrical vagal stimulation attained a peak insulin value within 2 min, followed by a rapid fall, despite the persistence of stimulation. Such a secretory pattern has been commonly recognized in previous in vivo experiments (7, 10 Since previous studies have demonstrated that the vagus nerves contain adrenergic fibers (14, 15) , it might be possible that adrenergic fibers in the vagus nerve contribute to insulin and glucagon secretion induced by vagal stimulation. In the present study, we then studied the effect of adrenergic blocking agents. A f3-adrenergic antagonist, propranolol, partially inhibited the insulin and glucagon responses to vagal stimulation, although it did not affect basal releases of these hormones. On the other hand, an a-adrenergic antagonist, phentolamine, had no significant effect. In addition, the combined administration of propranolol and phentolamine failed to affect insulin and glucagon responses to vagal stimulation. It seems unlikely, therefore, that an adrenergic fiber plays an important role in the regulation of vagally induced pancreatic hormone secretion. Since propranolol is known to blunt insulin and glucagon secretion induced by a variety of stimuli (3) (4) (5) , the effect of propranolol may be mediated by the mechanism other than adrenergic system. The significance of inhibitory effect of propranolol on vagal stimulation ofinsulin and glucagon secretion must be studied further.
Other neurons possibly involved in insulin and glucagon secretion are peptidergic neurons. Various peptides such as VIP (24) , the C-terminal tetrapeptide ofcholecystokinin (CCK) (25) , neurotensin (26) , substance P (27) , and enkephalin (28), all of which are known to stimulate insulin and/or glucagon secretion, have been found in nerve fibers and ganglion cells of the feline pancreas (29) . It is possible, therefore, that some peptidergic neurons are partly responsible for insulin and glucagon secretion induced by vagal stimulation.
The effect of vagal stimulation on pancreatic somatostatin release is still not well known. A recent study in pigs has shown that electrical vagal stimulation inhibits the somatostatin release which is reversed in the presence of atropine and suggested that a cholinergic neuron has an inhibitory effect on pancreatic somatostatin secretion (13) . In the present in vitro study, vagal stimulation produced an inhibition in pancreatic somatostatin release. In the presence of atropine, however, somatostatin was rather increased by electrical stimulation of the vagus nerves, whereas hexamethonium completely abolished the somatostatin response to vagal stimulation. A possible explanation of these findings might be that pancreatic somatostatin may be regulated not only by a cholinergic inhibitory neuron, but also by an atropine-resistant noncholinergic neuron or neurons that directly stimulate somatostatin release. This is in accordance with our previous findings (30) that somatostatin secretion from the isolated perfused rat stomach is inhibited by electrical vagal stimulation but that it was rather increased in the presence of atropine. The present study showed that neither a-nor fl-adrenergic blocker influenced vagal effects on pancreatic somatostatin secretion. It is still not known, therefore, what neurons are involved in vagal regulation ofsomatostatin secretion. Further studies are required to answer the question.
